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A. Supporting movies
In general, a heating rate of 10 degrees/min was used and when reaching the specified temperature, the HNCs were annealed for 5 min at constant temperature. 
C. Synthesis of the PbSe/CdSe dumbbells
Chemicals. Cadmium oxide (CdO, 99.99%), tri-n-octylphosphine oxide (TOPO, 99%), tri-octylphosphine (TOP, 90%), selenium powder (98%), diphenyl ether (DPE, 99%), oleic acid (OLAC, 90%) and lead(II) acetate trihydrate (99.95%) were purchased from Sigma Aldrich; n-tetradecylphosphonic acid (TDPA) and n-hexylphosphonic acid (HPA) were purchased from PolyCarbon Industries.
Synthesis of the CdSe nanorods.
The synthesis of CdSe nanorods was performed according to the procedure published by Gur et al. [1] and Peng et al. [2] . In a typical synthesis 0.2 g cadmium oxide, 0.71 g of n-tetradecylphosphonic acid, 0.16 g n-hexylphosphonic acid and 3 g of tri-n-octylphosphine oxide are loaded in 50 ml flask. The mixture is heated to 120 º C in nitrogen atmosphere and then kept at 120 º C under vacuum for one hour. The mixture is successively heated up to 300 º C under nitrogen for about 30 minutes to allow CdO to dissolve. The mixture is then heated up to 310 º C and 1.5 g of trioctylphosphine (TOP) are injected. When the temperature recovers to 310 º C, a solution of selenium in TOP (0.073g Se + S4 0.416 g TOP) is rapidly injected and the reaction is allowed to proceed at a constant temperature of 310 º C for 7 minutes. The reaction is finally quenched by fast removal of the heating source. The nanoparticle suspension is allowed to cool down and at about 50 º C and 2.5 ml of anhydrous toluene are added. The nanorod suspension is purified by three cycles of precipitation in isopropanol, centrifugation and redispersion in toluene.
Synthesis of the CdSe-PbSe heterostructures. PbSe-tipped CdSe nanorod heterostructured nanocrystals have been synthesized according to the method published by Kudera et al. [3] and Carbone et al. [4] with slight modifications. A stock solution of lead oleate is prepared by degassing 2 mL diphenyl ether (DPE), This solution, containing both the Pb and Se precursors in a 1:1 proportion, is then drop-wise injected in the CdSe/DPE suspension at 130 º C via a syringe pump at a rate of 0.1 ml/min. Once all the precursor solution has been injected the temperature is kept at 130 º C for additional 3 minutes. The suspension is then allowed to cool down to room temperature and it is transferred in the glovebox. The CdSe-PbSe nanocrystals are purified by three cycles of precipitation of the suspension in butanol/methanol, centrifugation and re-dispersion in toluene.
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D. Supporting TEM images and chemical mapping Table S1 . Chemical composition of nanodomains (quantification of STEM-EDX maps using the CliffLorimer method). More details can be found in the Supporting information, in Figures S5-S19 and Tables  S2-S6 . Table S2 . NCs whereby the cation exchange reaction proceeded along the CdSe nanorod: Figures S11-S16. The quantitative analyses were carried out the yellow highlighted regions with numbers. STEM-EDX quantification data of 10 PbSe tips (Figure S11-S16) from where cation exchange proceeded are shown in Table S3 . STEM-EDX quantification data of 10 nanorod domains (Figures S11-S16) where cation exchange took place are shown in Table S4 . Figure S11. CdSe-PbSe dumbbell NCs where some cation exchange was observed. Figure S15. CdSe-PbSe dumbbell NC where some cation exchange was observed.
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Figure S16. CdSe-PbSe dumbbell NCs where some cation exchange was observed. Model (PCRIM) [6] approach. In this force field model, Lennard-Jones (LJ) potentials were used to describe the short-range interactions and effective charges of ±1.18 e for Cd and Se ions were obtained by empirical fitting. Schapotschnikow et al. [7] developed a force field for PbSe using the same model to study the morphological evolution of PbSe nanocrystals. In this PbSe force field, the effective charges for
Pb and Se ions were ±1.29 e, and the parameters of the LJ potential that describe the Se-Se short-range interactions in PbSe were very different from that in the CdSe force field. Therefore, these two force fields cannot be easily combined to describe the Pb-Cd-Se system. To our best knowledge, up to now there was no transferable force field developed for the Pb-Cd-Se system. In this work, a set of transferable pair potentials was derived for the Pb-Se-Cd system. The PCRIM model [6] used in the fitting procedure in order to achieve a higher quality of fitting. A cut off radius of 12.0 Å was set for all short-range interactions and the Ewald summation [9] was used to calculate the long-range Coulomb interactions in the bulk phases. All calculations in the fitting procedure were carried out by The General Utility Lattice Program (GULP) [10] . The complete parameter set for the Pb-Se-Cd system is listed in Table S7 . In Table S8 and S9, several physical properties of PbSe and CdSe polymorphs calculated from our Pb-SeCd force field are listed, together with available experimental results and DFT computations. Note that the data used in fitting procedure is in bold and the normalized lattice parameters are listed in square brackets.
To obtain the lattice parameters and root mean square displacement (RMSD) at 300 K, MD simulations were performed for the WZ-CdSe and RS-PbSe structures. In general, the Pb-Se-Cd force field is able to reproduce quite a wide range of physical properties of CdSe and PbSe polymorphs with considerable accuracy.
Model construction for the PbSe-CdSe nanodumbbells
Two different PbSe/CdSe interfaces were observed in the dumbbell NCs by HREM:
{100}PbSe/{0001}CdSe and {111}PbSe/{0001}CdSe. The former is a non-polar/polar interface and the latter is a polar/polar interface. The polarization of the CdSe rods and PbSe tips cannot be distinguished by the HREM data. Therefore, we assumed that all possible combinations of the four facets existed in the specimen: {100}PbSe/Se-{0001}CdSe, {100}PbSe/Cd-{ 1 000 }CdSe, Pb-{ 1 1 1 }PbSe/Se-{0001}CdSe, and Se-{111}PbSe/Cd-{ 1 000 }CdSe. 
Molecular dynamics simulations results for Model 1, 2, and 4
For the MD simulations, Coulombic and short-range interactions were calculated by taking into account all atom pairs using the newly developed force field potential set given above in Table   S7 . Figure S23 shows the final configurations of the PbSe/CdSe nano-dumbbell model 1, 2, and 4 after MD simulations at 500 K for 5 ns. Figure S23. (a,b,c) Final configuration of PbSe-CdSe dumbbell model 1, 2, and 4 after MD simulations at a temperature of 500 K for 5 ns. The ball-stick presentation was used to show the structure of the interfaces. The yellow, purple, and blue spheres are Se, Cd, and Pb atoms, respectively. Interfaces are magnified for closer inspection. Figure S24 shows the {001}PbSe and {0001}CdSe atomic bilayers parallel to the PbSe/CdSe interface at the left-hand side of model 3 shown in Figure 3 of the main text. Figure S25 shows the maps of rootmean-squared displacement (RMSD) for each atom in the model 1, 2, and 4. Similar results as nanodumbbell model 3 were obtained: All models are structurally and morphologically stable at temperatures up to 500 K in a simulation time of 5 ns. Structural disorder of the surface atoms in the CdSe domains was found near the polar/polar interfaces; stronger structural disorder was found in the CdSe domains near the non-polar/polar interfaces. Cd atoms near the interfaces have an abnormally high mobility compared to the other atoms. According to our simulations, the structural disorder in the CdSe domains and the high mobility of Cd atoms are strongly influenced by the heterostructural interfaces. Figure S24 . Details of the PbSe/CdSe interfaces for model 3, shown in Figure 3(a-c) in the main text. The yellow, purple, and blue spheres are Se, Cd, and Pb atoms, respectively. Bottom: planar views of the first (001)PbSe bilayers, and the first (0001)CdSe bilayers at the interfaces. The first (0001)CdSe bilayers contain vacancies, which likely enhances the atomic mobility in these layers. It is clear that the number of vacancies at the non-polar/polar PbSe/CdSe interface (left-hand side) is larger than in the number of vacancies in the polar/polar PbSe/CdSe interface (right-hand side). Figure S25. (a,b,c) The map of the root-mean-squared displacement (RMSD) for each atom for the PbSeCdSe dumbbell model 1, 2, and 4 at 500 K. The columns from left to right are the whole PbSe-CdSe dumbbells, the anion sublattices, and the cation sublattices, sequentially. The dumbbells are cut so that both of the surface and inner atoms can be seen. The pure red atoms correspond to those have a RMSD larger than 0.84 Å.
F. Density Functional Theory (DFT) calculations
F1. Defect energy calculations
All calculations were carried out using the first-principles' Vienna Ab initio Simulation Program (VASP) [22, 23] employing density functional theory (DFT) within the Projector-Augmented Wave (PAW) method [24] . The generalized gradient approximation (GGA) formulated by Perdew, Burke, and Ernzerhof (PBE) [25] 
Here, the perfect cell is used as the reference phase.
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A Frenkel defect is a defect whereby one atom has left its lattice site in the cell, therefore it consists of one vacancy and one interstitial of the same atomic species. Both cation and anion Frenkel defects are included. The formula for the Frenkel defect formation energy is :
which is simply the energy difference between the defective cell and the perfect cell.
The (Cd, Pb) substitutional defect energy is the energy required to swap a Pb atom and a Cd atom; the Cd atom occupies a Pb site in the PbSe lattice and the Pb atom occupies a Cd site in the CdSe lattice. The formation energy is defined with respect to the perfect CdSe and PbSe supercells as follows: Table S10 . Table S10 , it becomes clear that PbSe is a typical Schottky material, as the Schottky defect energies are much lower than the Frenkel defect energies. Consequently, only vacancies, and no interstitial atoms will be present. In CdSe, the lowest defect energy is for the Schottky dimer, however the dimer is likely not mobile and will therefore not participate in the cation exchange. The second-lowest energy is that of the Cd Frenkel defect (Cd vacancy and Cd interstitial). As the "Cd interstitial" evaporates into the vacuum, the Cd vacancy is left behind and is then available to mediate the cation exchange, as depicted schematically in Figure S1 .
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Finally we would like to make a few remarks on the interpretation of the defect energy calculations. The defect energies listed in Table S10 are for defects in bulk CdSe and PbSe at thermal equilibrium. The absolute values of the defect energies in Table S10 are rather high. The equilibrium atomic concentration of defects can be evaluated as f defect =exp(-E defect /k B T) where k B is the Boltzmann constant and T is the temperature in K. Therefore, a defect energy of 1.24 eV for the Schottky dimer in PbSe leads to an atomic fraction of f V{PbSe} =7.1·10 -15 at a temperature of 443 K. Considering that the number of atoms in the nanodumbbells is approximately 30,000, thermodynamically the number of vacancies to be expected is zero. It is clear also from the high mobility of the Cd atoms near the interface shown in Figure 3 that bulk defect
calculations cannot be directly applied to nanoscale materials with surfaces and interfaces: the formation energies of defects at surfaces and interfaces is apparently an order of magnitude lower than in the bulk.
F2. Energies of PbSe-CdSe mixed phases
In order to investigate the energetics of mixing into more detail, the DFT-PAW-GGA-PBE approach as implemented in the VASP code [22] [23] [24] [25] was also applied to mixed PbSe-CdSe phases 
where E(0) is the formation energy at 0 K. For temperatures up to 500 K, the contribution of TS to the Gibbs free energy is always less than 0.03 eV (of the order of kT) and does not change the characteristics of the relative stability shown in Figure S26 . From Figure S26 it follows that below a Pb cation concentration of 40 at.%, the WZ phase is favoured, while above that concentration the RS phase is favoured. However, because formation enthalpy is positive for the entire compositional range (not only at 0 K but also for temperatures up to 500 K), mixing is not favourable and phase separation into RS PbSe and WZ CdSe will always occur. This is in good agreement with the MD simulations ( Figures 3, S23-S25 ) and with the experiments, where only a low degree of mixing was observed (Table S1 ). 
